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The severity of Plasmodium falciparum malaria is associated with parasite 20 cytoadherence, but there is limited knowledge about the effect of parasite cytoadherence 21 in malaria-associated acute respiratory distress syndrome (ARDS). Our objective was to 22 evaluate the cytoadherence of infected red blood cells (iRBCs) in a murine model of 23 ARDS and to appraise the role of endothelial protein C receptor (EPCR) in ARDS 24 pathogenesis. 25 DBA/2 mice infected with P. berghei ANKA were classified as ARDS-or 26 hyperparasitemia (HP)-developing mice according to respiratory parameters and 27 parasitemia. Lungs, blood and bronchoalveolar lavage were collected for gene 28 expression or protein analyses. Primary cultures of microvascular lung endothelial cells 29 from DBA/2 mice were analyzed for iRBC interactions. 30 Lungs from ARDS-developing mice showed evidence of iRBC accumulation along 31 with an increase in EPCR and TNF concentrations. Furthermore, TNF increased iRBC 32 adherence in vitro. Dexamethasone-treated infected mice showed low levels of TNF and 33 EPCR mRNA expression and, finally, decreased vascular permeability, thus protecting 34 mice from ARDS. 35 In conclusion, we identified that increased iRBC cytoadherence in the lungs underlies 36 malaria-associated ARDS in DBA/2-infected mice and that inflammation increased 37 cytoadherence capacity through EPCR expression, suggesting a potential target for drug 38 development.
INTRODUCTION 41
Malaria infection by Plasmodium falciparum is responsible for the largest number of 42 severe and fatal diseases in the tropics [1, 2] . The main complications of P. falciparum 43 infection include cerebral malaria, pulmonary complications, acute renal failure, severe 44 anemia, bleeding and placental malaria [3] . An important aspect of the pathogenesis of 45 severe malaria results from the ability of infected red blood cells (iRBCs) to adhere to 46 the microvasculature. This interaction between iRBCs and the endothelium can cause 47
blocking of blood flow and/or a local inflammatory response [3] [4] [5] . Furthermore, these 48 adhesions promote the disappearance of asexual forms of the parasite in the peripheral 49 circulation, thus preventing them from being destroyed in the spleen [3, 5, 6] . Pulmonary 50 complications caused by severe malaria include acute respiratory distress syndrome 51 (ARDS), which has been associated with not only severe malaria but also different 52 diseases [7] [8] [9] . Although malaria-associated ARDS often causes a high mortality rate, 53 little research has been performed. Murine models have been used to study malaria-54 associated ARDS [10, 11] , and DBA/2 mice infected with P. berghei ANKA (PbA) 55
develop ARDS and die between the 7 th to 12 th days post-infection (dpi) with pleural 56 effusion, edema and inflammatory infiltration in the lungs but without signals of 57 cerebral malaria. In contrast, mice that died after the 13 th dpi exhibited pale lungs, no 58 pleural effusion and high levels of parasitemia. The cause of death was attributed to 59 hyperparasitemia (HP) and consequent anemia. In addition, we established predictive 60 criteria to distinguish which mice would die from ARDS on the 7 th dpi using respiratory 61 and parasitemia data [12] . Using this model, we found that on average 50% of the mice 62 died from ARDS and 50% died from HP. We found that recruitment of neutrophils and 63 vascular endothelial growth factor (VEGF) is essential to the pathogenesis of malaria-64 associated ARDS [13, 14] and that the induction of heme oxygenase-1 (HO-1) has a 65 protective effect against the development of ARDS in mice [15] . 66 Additionally, it has already been demonstrated that PbA-iRBCs adhere to MVECS 67 (microvascular lung endothelial cells from CBA/Ca mice) and that TNF-stimulated cells 68 express more ICAM-1 and VCAM than control cells [16] . In the P. chabaudi model, 69
infected mice in the absence of ICAM-1 showed less anemia and weight loss, reduced 70 parasite accumulation in both the spleen and liver and higher peripheral blood 71 parasitemia during acute stage malaria, which presented the possible role of ICAM-1 in 72 adhesion and pathogenesis of P. chabaudi [17] . Endothelial receptors have been studied 73
to understand iRBC adherence in the microvasculature of different organs in severe 74 malaria, and some of these receptors are well established such as ICAM-1 in cerebral 75 malaria and CSA in placental malaria [18] . However, both the mechanism and 76 consequences of PbA-iRBC adhesion in DBA/2 lung endothelial cells remain unknown. 77
In 2013, endothelial protein C receptor (EPCR) was shown to be a new receptor for 78
Plasmodium falciparum erythrocyte protein 1 (PfEMP1) in P. falciparum-induced 79 severe malaria [19] , which may result in a new branch of research on severe malaria. As 80 its primary function, EPCR binds with activated protein C (APC) and cleaves protease-81 activated receptor 1 (PAR-1) in a specific Ras-related C3 botulinum toxin substrate 1 82 (RAC1) pathway, which inhibits the activation of nuclear factor-κB and provides barrier 83
protection [20] . The EPCR facilitates the activation of protein C (PC) by the thrombin-84 thrombomodulin complex, promoting cytoprotective effects in vessels and tissue 85 protection in the brain, lungs, kidneys, and liver [21] . Additionally, APC provides 86 neuroprotective effects such as anti-inflammatory and anti-apoptotic effects and 87 protection of the blood-brain barrier, kidneys, and lungs and thus may be directly indicates the need for further studies to understand the outcome of severe malaria. 102
Notwithstanding, there is no evidence to date of P. berghei ANKA binding to EPCR, 103 and the effects of EPCR on ARDS pathogenesis must be elucidated. Our study, 104 therefore, was developed in a murine model that mimics various types of human ARDS 105 [12] and in primary culture of microvascular lung endothelial cells from DBA/2 mice 106 (PMLEC) not only to clarify the adhesion of infected erythrocytes to murine lung 107 microvascular endothelial cells but also to understand the relevant aspects of EPCR 108 modulation by the immune response, which can bring important contributions to 109 understanding malaria-associated ARDS. 110
MATERIALS AND METHODS 111
Experimental outline 112 DBA/2 mice were infected with 10 6 infected red blood cells (iRBC) infected with 113
Plasmodium berghei ANKA (PbA) and classified as ARDS-developing or HP-114 developing mice before death according to previously described criteria [12] . Briefly, 115
we used two groups of infected mice: the survival group (infected control) and the 116 euthanized group, in which the mice were euthanized on the 7 th day postinfection (10-117 12 mice per group). By using respiratory patterns (enhanced pause and respiratory 118 frequency) and the degree of parasitemia as predictive criteria, we established cut-off 119 values using receiver operating characteristic (ROC) curves for these parameters 120 measured on the 7 th dpi based on data from mice whose cause of death was known 121 (survival group). In the survival group, for mice showing pleural effusion or red and 122 congested lungs at necropsy, the cause of death was designated as ARDS. For mice 123 without pleural effusion that died after 13 days postinfection with pale lungs and high 124 levels of parasitemia, the cause of death was designated as hyperparasitemia (HP). 125
Afterward, we retrospectively diagnosed the euthanized mice as suffering from ARDS 126 or HP by comparing their respiratory patterns and parasitemia measured on the 7 th dpi 127 with the cut-off values from the survival group at the end of each experiment (20 th dpi) 128 [14, 15] . All lung tissue, blood, and BAL samples were collected from mice on the 7 th 129 day postinfection (dpi) always after perfusion of the right ventricle with 20 mL of 1× 130 PBS until the lungs remained clear. 131 percentage of infected red blood cells. The euthanasia of mice was performed using 138 ketamine (150 mg/kg)/xylazine (15 mg/kg). 139
Determination of Respiratory Pattern 140
Respiratory patterns (respiratory frequency [RF], tidal volume [TV] and enhanced pause 141
[Penh]) were monitored on the 7 th dpi by an unrestrained whole-body plethysmography 142 chamber (WBP, Buxco Electronics, USA) for 10 minutes (basal level) according to 143 previously described methods [12] . 144
Histopathological analyses and hemozoin count 145
Lung tissue fragments were fixed with 10% buffered formalin for 24 hours and kept in 146 70% ethanol until being embedded in paraffin, and 4-5 μ m sections were stained with 147 hematoxylin-eosin (H&E). To determine the hemozoin (Hz)-containing area, lungs from 148 euthanized mice (ARDS-developing or HP-developing mice according to the predictive 149 model on the 7 th day postinfection [12] ) were stained with H&E, and 10 images were 150 captured from each tissue sample with polarized light (400× magnification) using a 151
Zeiss color camera (CAM Axio HRc) connected to a Zeiss light microscope (Axio 152
Imager.M2). The corresponding percentage of Hz in each image was identified using 153 the program ImageJ, in which the areas containing Hz were distinguished by brightness 154 adjustment. The area containing Hz was normalized by the total area in each image. 155
Quantification of gene expression 156
Quantitative RT-PCR was performed for the relative quantification of gene expression 157 from the lungs of noninfected and infected mice. RNA extraction was performed 158 according to the "Animal Cell I" protocol from an RNeasy Mini kit (Qiagen, USA). 159
cDNA synthesis was performed with a 1 μ g RNA sample using the First Strand cDNA 160
Synthesis kit RT-PCR (Roche, USA) according to the manufacturer's instructions. 161
Finally, the PCR sample to test gene expression was prepared with SYBR Green PCR 162
Master Mix (Applied Biosystems, USA), and the relative quantification 2 (-ΔΔCT) method 163 was used as described before (51). The qRT-PCR reactions were performed in the ABI 164 7500 Fast instrument (Applied Biosystems, USA) using the following oligonucleotides: 165 PbA 18S (forward 5'-agcattaaataaagcgaatacatccttac-3'; reverse 5'-166 ggagattggttttgacgtttatgtg-3'); HPRT (forward 5'-aagcttgctggtgaaaagga-3'; reverse 5'-167 ttgcgctcatcttaggcttt-3'); ICAM-1 (forward 5'-cgaaggtggttcttctgagc-3'; reverse 5'-168 gtctgctgagscccctcttg-3'); VCAM (forward 5'-agtccgttctgaccatggag-3'; reverse 5'-169 tgtctggagccaaacacttg-3'); EPCR (forward 5'-gacgaagtttctgccgctac-3'; reverse 5'-170 ctggaggatggtgacgtttt-3'); TNF (forward 5'-aatggcctccctctcatcagtt-3'; reverse 5'-171 ccacttggtggtttgctacga-3'). 172 the localization of the parasite was analyzed with an IVIS Spectrum system 179 (PerkinElmer). For this purpose, mice were sedated with isoflurane for pictures 180 (approximately 6 minutes after the injection of luciferin). Later, they were euthanized 181 and perfused in the right ventricle with 20 ml of 1× PBS. After perfusion, a new image 182 of the mice was captured, and the organs were collected and placed in sterile Petri 183 dishes to observe the bioluminescence of each tissue. 184
Parasite localization by bioluminescence

Cytokines quantification 185
The quantities of TNF, IL-6, and IL-33 in serum and culture supernatants were antibiotic/antimycotic (Gibco-25200)] at 37°C and 5% CO2. After 72 hours, the tissue 198 fragments were removed, and 50% of the medium was replaced. After 7 days of 199 incubation, the cells were removed with trypsin 0.25% EDTA (Gibco) and replaced in a 200 75 cm 2 culture flask. The trypsinization procedure was repeated every 5 to 7 days. 201
Finally, the cells were cultured for 15 to 20 days (3 rd and 5 th passage) until being used in 202 the trials. The purity of isolated DBA/2-PMLECs was characterized by 203 immunofluorescence with lectin from Ulex europaeus (Sigma-Aldrich, USA-l9006) 204 and the anti-VWF (Santa Cruz Biotechnology, USA -sc14014), anti-CD31 (Abcam,  205 UK -ab28364), anti-ACE (Abcam, UK -ab85955), anti-CD62E (Abcam, UK -206 ab18981), anti-eNOS (Abcam, UK -ab87750) and anti-VE-cadherin (Abcam, UK -207 ab205336) antibodies. All of the cells were stained with all of the markers, indicating 208 high purity ( Figure S1 ). 209
Plasmodium synchronization and enrichment of parasitized erythrocytes 210
To obtain mature forms of P. berghei ANKA, iRBCs were synchronized as described 211 previously (53). Briefly, iRBCs were collected from infected mice exhibiting 10 to 20% 212 parasitemia through cardiac puncture and transferred to RPMI 1640 culture medium 213 (Gibco, Thermo Fisher Scientific, USA) supplemented with 25% fetal bovine serum 214 (FBS). The iRBCs were subsequently maintained in vitro at 37°C for 14 hours in an 215 atmosphere containing 5% CO 2 , 85% N 2 , and 10% O 2 . The parasitized erythrocytes 216
were then enriched using a magnetic separation column (Miltenyi Biotec, USA) to 217 generate cell populations consisting of approximately 95% iRBCs, as assessed by thick 218 blood smears. Lysate containing P. berghei was obtained from iRBCs subjected to 219 several freeze-thaw cycles. 220
Peritoneal Macrophages 221
Peritoneal macrophages (Mϕ) were collected from noninfected DBA/2 mice euthanized 222 with halothane, the skin was then removed and 5 ml of 1× sterile cold PBS (at 4°C) was 223 inserted into the peritoneum. The liquid was then removed, aspirated with a 24-gauge 224 needle, and centrifuged at 1000 rpm for 5 minutes at 4°C. The supernatant was 225 discarded, and the cells were resuspended in supplemented DMEM medium [20% heat-226 inactivated FBS, 40 μ g/ml gentamicin (Invitrogen-15710064) and 1:100 antibiotic and 227 antimycotic (Gibco-25200)]. Cells were counted in a Neubauer chamber and arranged in 228
Transwell culture plates pretreated with 0.2% gelatin in 1× PBS (gelatin from bovine 229 skin, G9391, Sigma-Aldrich). 230
Transwell assay with endothelial cells and peritoneal macrophages 231
Sterile 13 mm diameter coverslips (Knittel) were placed in 24-well culture plates. The 232 coverslips were treated with 0.2% gelatin (gelatin from bovine skin -Sigma-Aldrich) 233 diluted in 1× PBS. PMLECs were seeded in the culture plate (7 × 10 4 cells/well) in 400 234 μ l of complete DMEM medium, and 1 × 10 5 peritoneal macrophages (Mϕ) were seeded 235 in the Transwell membrane (6.5 mm membrane diameter, 0.4 μ m membrane pore, 236
Corning 
Lung permeability and edema quantification 284
To investigate lung permeability, noninfected or PbA-infected mice (dexamethasone-285 treated or not) on the 7 th dpi were injected intravenously with 0.2 mL of 1% Evans Blue 286
(Sigma-Aldrich). The mice were euthanized 45 minutes later, and the lungs were 287
weighed immediately and placed in 2 mL of formamide (Merck) for 48 hours at 37°C 288 [12] . The absorbance of the formamide was then measured at 620 nm and 740 nm. The 289 amount of Evans Blue staining per gram of lung tissue was calculated from a standard 290 curve. 291
Measure of primary microvascular lung endothelial cell permeability 292
The increased lung vascular permeability was analyzed in DBA/2-PMLECs plated on 293 permeable membrane inserts with 0.4 µM pores (Transwell Corning) pretreated with 294 gelatin 0.2% in 1× PBS (gelatin from bovine skin, G9391, Sigma-Aldrich), coupled in 295 24-well polystyrene plates at a concentration of 2.2 × 10 4 cells per insert and maintained 296
in DMEM culture at 37°C as previously described (15). After 96 hours, when the cells 297 reached confluency, PbA lysate was applied for 1 hour after incubation with 298 dexamethasone (500 ng/ml for 24 h) or solely with 20% FBS-supplemented DMEM 299 culture medium. The culture medium was subsequently replaced by Hank's balanced 300 salt solution, and in the upper compartment of each insert in contact with the cells, 200 301 µl of Evans Blue was incubated at a 2 mg/mL concentration at 37°C. After 30 minutes, 302 the liquid from the lower compartment was collected and analyzed in a 303 spectrophotometer at a wavelength of 650 nm (NanoDrop 2000, Thermo Scientific). 304
Finally, the concentration of Evans Blue was determined from a standard curve (0.2 305 mg/mL to 0.0031 mg/mL) as previously described. 306
Actin microfilament identification by immunofluorescent and morphometric 307
analysis of the opening of interendothelial junctions 308
To analyze the area of opening of interendothelial junctions (OIJ), PMLECs were plated 309 in 24-well plates (7×10 4 cells/well), adhered to gelatin on glass coverslips, and 310 maintained at 37°C and 5% CO 2 . The cells were coincubated with either iRBCs or 311
RBCs for 1 hour after incubation with dexamethasone (24 hours) or DMEM culture 312 medium supplemented with 20% FBS, and incubations were done in triplicate. 313
Subsequently, the cells were fixed with 3.7% formaldehyde, permeabilized with acetone 314 at -20°C, and blocked with bovine serum albumin solution (1% BSA). Actin was 315 marked with Texas Red-phalloidin (T7471, Life Technologies) for 20 minutes. The cell 316 nuclei were marked with Hoechst stain (H33342, Life Technologies). Each slide with 317 fully confluent cells was chosen randomly, and ten to twenty pictures were taken and 318 scanned in a "zig-zag" pattern from top to bottom. The images were acquired with an 319
Axio Imager M2 microscope (Zeiss) using Axiocam HRc (Zeiss) and Axio Vision 320 software, version 4.9.1.0. The total OIJ area was measured in each picture using ImageJ 321 software (version 1.52a -NIH, USA). To calculate the OIJ, the "measure" tool and the 322 "wand (tracing)" tool in ImageJ were used. Each image was analyzed individually, and 323
all of the OIJs were circled with the "wand (tracing)" tool, from which the area of each 324 space was calculated. Analysis of the differences between the openings of the 325 interendothelial junctions following different stimuli was performed using GraphPad 326
Prism 
ARDS-developing mice show higher levels of pulmonary parasite than HP-418 developing mice 419
In our previous study, it was shown that a proportion of DBA/2 mice infected with 420
PbA-iRBC developed singular characteristics of ARDS and died between the 7 th and 421 12 th dpi [12] [13] [14] [15] . To investigate whether adherence is essential in the evolution of this 422 phenotype, we observed that luciferase-expressing P. berghei parasites were distributed 423 in the peripheral blood and tissues of DBA/2 mice. However, when they were perfused 424 with 1× PBS, the bioluminescence (luciferase/luciferin) signal remained concentrated in 425 the spleen and lungs, especially in ARDS-developing mice (Figure 1 a-c) , corroborating 426 our published data where we showed more bioluminescence signal in ARDS mice 427 compared to HP [14] . We demonstrated that ARDS-developing mice showed higher 428 levels of 18S subunit PbA rRNA expression ( Figure 1d ) and higher hemozoin 429 concentrations in the lungs compared to those of HP-developing mice on the 7 th dpi 430 (Figure 1 e-g) . In addition, we analyzed histological lung sections of mice that died with 431 ARDS and found several iRBCs in close contact with endothelial cells (Figure 1h ). 432
These results taken together indicated that ARDS-developing mice accumulated a 433 considerable amount of iRBCs in the lungs, suggesting their essential participation in 434 ARDS pathogenesis. 435
TNF increases P. berghei adherence in the ARDS experimental model 436
ARDS-developing mice on the 7 th dpi displayed higher TNF levels in serum compared 437
to those of HP-developing mice (Figure 2a ), suggesting that this inflammatory cytokine 438 may be critical to ARDS development. We further investigated whether iRBCs could 439 contribute to TNF release by endothelial cells. First, we demonstrated that primary 440 microvascular lung endothelial cells (PMLECs) stimulated with iRBCs can directly 441 contribute to TNF production ( Figure 2b) . Then, we examined the influence of TNF on 442 the adhesion of iRBCs to PMLECs using static and flow conditions. TNF-stimulated 443 cells increased the capacity of iRBCs to adhere to PMLECs after 24 and 72 hours in the 444 static assay (Figure 2 c-e ). In the flow adherence assay, which mimics physiologic 445 conditions, the iRBCs had more cytoadherence with TNF than without TNF stimulation 446
( Figure 2 f-h) . Additionally, peritoneal macrophages (Mϕ), collected from noninfected 447 DBA/2 mice, were seeded in Transwell membranes, and then PMLECs were seeded on 448 the bottom of a 24-well plate with no contact with the Mϕ and were or were not 449 stimulated by red blood cells (RBCs) or iRBCs (Figure 2i ). Mϕ stimulated by iRBCs 450 produced more TNF than Mϕ without contact with iRBCs ( Figure 2j ). Additionally, 451
PMLECs that were in indirect contact with Mϕ stimulated with iRBCs demonstrated 452 more adherence to iRBCs than PMLECs with no previous contact with Mϕ (Figure 2k ). 453
Finally, to evaluate the contribution of TNF to the adhesion of iRBCs to PMLECs, the 454 cells were blocked with TNF antibody, and as a result, the blockage reduced the 455 capacity of iRBCs to adhere to PMLECs (Figure 2l ). All these data show that ARDS-456 developing mice express more TNF, which contributes to iRBC adherence, in 457 endothelial cells than in HP-developing mice. 458
EPCR contributes to P. berghei cytoadherence 459
Looking for adhesion molecules that could be involved in PbA-iRBC cytoadherence in 460 ARDS pathogenesis, we observed that ARDS-developing mice showed higher levels of 461 VCAM and ICAM-1 in lungs than HP-developing or noninfected mice (NI) as analyzed 462 by immunohistochemistry ( Figure S2 a-c) . Additionally, recombinant TNF upregulated 463 the mRNA expression of ICAM-1 and VCAM in PMLECs ( Figure S2 d-i) . However, 464 the most interesting finding was the upregulation of mRNA EPCR expression in the 465 lungs of ARDS-developing mice compared to NI mice (28.48-fold increase) and HP-466 developing mice (13.16-fold increase) (Figure 3a ). There was also an increase in soluble 467 EPCR (sEPCR) (Figure 3b ) and EPCR protein (Figure 3c ) in ARDS-developing mice 468 serum compared to HP-developing mice. We further investigated the influence of TNF 469 on the regulation of EPCR expression in PMLECs. TNF-stimulated cells showed an 470 upregulation of EPCR expression at 48 and 72 hours, but this was not seen with PbA-471 iRBC stimulation (Figure 3 d-f ). Moreover, EPCR knockdown with siRNA transfection 472 (siEPCR) in PMLECs reduced EPCR expression compared to that in nontransfected 473
PMLECs (Figure 3g ). In addition, in siEPCR cells, iRBC adhesion was reduced 474 compared to TNF-stimulated and nontransfected cells (Figure 3h ). 475
Dexamethasone reduces TNF and EPCR, protecting mouse lungs and PMLECs 476 from increased vascular permeability 477
Once TNF seemed to be important to induce PbA-iRBC adherence and consequently 478 ARDS development, DBA/2 mice were infected with PbA-iRBC and treated with 479 dexamethasone (80 mg/kg) on days 5 and 6 post-infection to investigate whether it 480 could protect them from lung injury. 481
Dexamethasone treatment decreased TNF concentrations in the plasma (Figure 4a ) apart 482 from IL-6 and IL-33 concentrations in treated mice compared to those of nontreated 483 mice ( Figure S3 a and b) . Dexamethasone also downregulated EPCR (Figure 4b (Figure 4c and d) . The concentration of VEGF, an essential 487 factor to increase vascular permeability and ARDS development, also decreased after 488 dexamethasone treatment in the BAL of infected mice on the 7 th dpi (Figure 4e ). 489
Consequently, we analyzed lung vascular permeability, and dexamethasone-treated 490 infected mice were protected compared to nontreated mice (Figure 4f-h) . To clarify the 491 mechanism that reduced lung permeability, the openings of interendothelial junctions in 492
PMLECs were evaluated through actin analysis. The PMLECs stimulated with iRBCs 493 increased the spaces between the interendothelial junctions and led to disruption and 494 reorganization in the actin filaments, which were protected by treatment with 495 dexamethasone (Figure 4i and j) . iRBC-stimulated PMLECs also demonstrated more 496 permeability for Evans Blue dye in a Transwell assay compared to dexamethasone-497 treated PMLECs (Figure 4k ). Additionally, dexamethasone-treated PMLECs showed a 498 reduction in VEGF concentration compared to cells untreated with dexamethasone 499 (Figure 4l ). With everything considered, these data suggest that dexamethasone is 500 capable of reducing inflammation and decreasing EPCR levels and vascular 501 permeability in PMLECs and the lungs of DBA/2 mice. 502 503 were treated with dexamethasone but others were not, and they were subsequently 518 coincubated with either infected red blood cells (iRBCs) or red blood cells (RBCs). (i) 519
PMLECs were stained for actin microfilaments (gray), and nuclei were stained with 520
Hoechst stain (blue), which showed openings in the interendothelial junctions (OIJ) 521
(indicated by yellow arrows 
Anti-inflammatory drug protects mice from ARDS but not from malaria infection 533
Dexamethasone-treated mice improved their respiratory parameters [respiratory 534 frequency, tidal volume and enhanced pause (Penh)] compared to infected nontreated 535 mice on the 7 th dpi (Figure 5 a-c) . On the other hand, parasitemia levels increased in the 536 peripheral blood of dexamethasone-treated mice on the 7 th dpi (Figure 5d ), and these 537 mice succumbed between 8 and 20 dpi ( Figure 5e ) with characteristics of HP without 538 edema and lower inflammatory infiltration according to the histopathological analyses 539
( Figure 5 f-g) and count of iRBC data (Figure 5d ). Finally, we proposed the essential 540 mechanisms of protection for dexamethasone in experimental malaria ( Figure 6 ), 541
suggesting that PbA-iRBCs induce TNF release by endothelial cells and by Mϕ, and 542 then TNF upregulates EPCR expression in PMLECs, increasing iRBC adhesion through 543 the EPCR pathway. The adhesion of iRBCs in pulmonary endothelial cells leads to an 544 increase in gap formation in the interendothelial junction, raising vascular permeability 545
and consequently the formation of edema. Activated alveolar macrophages also produce 546 TNF, which contributes to the activation of endothelial cells and possibly the 547 recruitment of neutrophils [14] and alveolar damage. The drastic reduction in 548 inflammation with dexamethasone treatment may be responsible for the increase in 549 parasitemia and mortality. These data suggest that TNF is essential to increase the 550 expression of EPCR and consequently increase adhesion of iRBCs in malaria-associated 551 ARDS. 552
Discussion 553
In the present study, we describe the cytoadherence of PbA-iRBCs in microvascular 554 lung endothelial cells in mice that develop ARDS as well as the importance of the 555 EPCR in this mechanism and consequently in ARDS pathogenesis. An important 556
advantage of this study is that our animal model reproduces the physiopathological 557 aspects found in human ARDS patients [12, 13, 30] . 558
It is well known that mature forms of P. falciparum-iRBCs can adhere to the 559 microvasculature of different organs, which is an important feature in the pathogenesis 560 of severe malaria in humans [5, 31] . However, there are only a few studies focusing on 561 cytoadherence in ARDS [11,28,32,33], and the mechanism of this is not entirely known. 562
Previously, we found that ARDS-developing mice showed a higher level of parasites in 563 their lungs than HP-developing mice, which may be important to induce malaria [14] . 564 Our work reinforces that PbAluc-iRBC accumulated in the lungs of ARDS-developing 565 mice, which could contribute to pathogenesis. Additionally, ARDS-developing mice 566 showed a larger hemozoin (Hz) area in the lungs than HP-developing mice on the 7 th 567 dpi, which is consistent with the onset of ARDS DBA/2-PMLECs than nonstimulated cells. We previously observed the close contact 590
between PbA-iRBCs and endothelial cell membranes in the lungs of ARDS-developing 591 mice [30] . A limiting condition in our data was that the adherence of iRBCs in 592 nonstimulated PMLECs was too small. Thus, we could not find a difference in adhesion 593 between nonstimulated cells and anti-TNF-treated cells because both reached basal 594 levels (Fig. 2l ). Nevertheless, the study reported here is the first showing the mechanism 595
of PbA-iRBC adhesion using DBA/2 mice that had developed ARDS. We found that 596 ARDS-developing mice have approximately 28.5 times more EPCR expression than 597 uninfected mice; they showed more EPCR protein in their lungs than HP-developing 598 mice, and TNF-stimulated PMLECs show an upregulation in EPCR expression 599 compared to that of nonstimulated cells (NS) or cells stimulated with iRBCs, indicating 600 that EPCR can contribute to ARDS progression. Similarly, a study indicated that 601 children in Papua New Guinea with severe malaria had higher antibody levels against 602 EPCR binding to CIDRα1 domains compared to uncomplicated malaria and this 603 difference was only found in older children [41] . However, in a recent study, the 604 expression of EPCR decreased in the lungs of P. falciparum-infected patients who 605 developed ARDS when compared to those who did not develop ARDS as analyzed by 606
immunohistochemistry. The authors suggest that the change in EPCR together with 607 thrombomodulin and in association with the deposition of hemozoin in the lungs plays 608 an important role in the pathogenesis of ARDS [34] . Additionally, reduced sEPCR 609 serum levels were detected in children with severe malaria, and these levels were higher 610 in cerebral liquid from children with cerebral malaria. Despite this, sEPCR levels were 611 not related to mortality or neurologic manifestations at discharge or 6-month follow-up 612
[42]. 613
With the hypothesis that inflammation is essential to expose adherence molecules and 614 consequently to ARDS pathogenesis, we treated DBA/2 mice with 80 mg/kg of 615 dexamethasone. The 80 mg/kg dose is the therapeutic dose for ARDS treatment in mice 616 observed by Van den Steen in 2010, because lower doses did not protect mice from 617 ARDS and edema [28] . In contrast, dexamethasone was administered to patients 618 suffering from ARDS (different etiologies) at lower doses: 5 mg/day for 4 days in 619
ARDS patients with bacterial pneumonia [43] and 10 mg for 6 hours in ARDS patients 620
with acute leucocyte leukemia [44] . In two well-conducted studies, dexamethasone 621 failed to improve the fatality rate of cerebral malaria [45, 46] . Unfortunately, the use of 622 corticosteroids in acute respiratory distress syndrome (ARDS) due to malaria in humans 623
has not been well explored [47] . In our experiments, we observed that dexamethasone-624 treated mice were protected from ARDS and showed the downregulation in EPCR 625 expression, which indicates that EPCR may be necessary for iRBC adherence and the 626 progression of disease. However, there are specific domains of the PfEMP1 subfamily 627 that do not bind to EPCR while others do [19] , although the presence of serum inhibits 628 this binding during in vitro assays [24]. However, recently, a new study showed that 629 using human brain microvascular endothelial cells and 10% human serum did not affect 630 the binding between P. falciparum-infected red blood cells and EPCR. In addition, 631
parasites isolated from patients with cerebral malaria displayed higher binding capacity 632 of cytoadherence under flow conditions, compared with isolated from uncomplicated 633 http://dx.doi.org/10.1038/srep41722 946 947 
